Abstract -By referring to fan-wing aircraft, a new kind of underwater vehicle, Fan-wing Underwater Vehicle (FUV), is proposed. This kind of vehicle is designed to achieve 5 degrees of freedom movement with only two moving parts. According to the structure of fan-wing aircraft, a configuration of FUV is put forward. The feasibility of the basic movement of this configuration is proved by mathematical analysis. After that, a mechanical structure of this configuration is designed, and a control system is built. By remote control and posture feedback, the control system can make the FUV achieve 5 degrees of freedom movement and straight cruise. Finally, a real FUV is manufactured. The real FUV is tested underwater, and the performance can match the propose of design. The cruise velocity of this FUV is about 1.2 knots, and the minimal turning radius is about 0.45 m, which is only 85% the total length of the FUV. In view of the performance of this FUV, some novel applications are discussed. This kind of FUVs can be used as ultra-small underwater vehicles, multi-habitat vehicles or modeless intelligent underwater vehicles.
I. INTRODUCTION
Unmanned Underwater Vehicles (UUVs) are efficient devices for human to explore the underwater world. The manipulability is one of the most important ability for a UUV to move flexibly underwater. Generally, each UUV should have at least 3 moving parts to achieve no less than 5 degrees of freedom (DOF) movement. The spindle-shaped UUVs usually have 6 moving parts, including a buoyancy regulation system, a forward main thruster and 4 rudders, to achieve only 5 DOFs movement. Even the most efficient UUVs, the underwater gliders, have 3 moving parts, including a buoyancy regulation system, a gravity adjustment system and a rudder, to achieve 5 DOFs movement. Because of the complicated coupling connection between the moving parts, it is difficult to control UUVs well without artificially adding dynamic model. More importantly, some effects of the moving parts have to cancel each other out in order to achieve a specific DOF movement, which is a waste of energy. Therefore, if a UUV has special moving parts, which have less coupling connection between each other or smaller in quantity, to achieve similar movement, it will be a better choice.
However, it is difficult to achieve no less than 5 DOFs movement with no more than two moving parts. That is because the buoyancy regulation system is hard to be replaced. Buoyancy regulation system can achieve vertical movement at entire range of incoming velocity, and there are few other moving parts which have similar performance. If a UUV has a buoyancy regulation system, it can't achieve the other 4 or 5 DOFs movement with only one moving part. Therefore, the only feasible way is to combine the function of the buoyancy regulation system with other moving parts.
If learn from aircraft, the fan-wing aircraft which can generate high thrust and lift at the whole range of incoming flow velocity, can be referenced. The fan-wing was first used in the aircraft and the flying test was completed by British inventor Peebles in 1998, as is shown in Fig. 1 [1] . The fanwing aircraft uses the fan-wing airfoil as the main thruster and the lift equipment. The proposed generic fan-wing configuration consists of a stationary wing-type housing geometry and a rotating cross-flow fan. The cross-flow fan is partly surrounded by the housing and partly open to the flow. They are simple in structure and easy to control. Fan-wing aircraft have many advantages, such as high flight efficiency, high load, low noise, and short-range take-off and landing. Since 1998, a lot of professors in universities and colleges, such as Imperial College London, Kingston University, Iran University of Science and Technology, Nanjing University of Aeronautics and Astronautic, and South China University of Technology, have studied fan-wing aircraft [1] . They use the wind tunnel and CFD simulation method to study fan-wing aircraft, and optimize the shape of fan-wing to have a better flying performance [2] [3] [4] [5] . Some companies, such as Fan Wing and Propulsive Wing, LLC, are trying to design and test industrialized fan-wing aircraft. [1] In this paper, by referring to fan-wing aircraft, a new kind of UUV, Fan-wing Underwater Vehicle (FUV), is created. At first, a configuration of FUV is studied. And then, mechanical Fig.2 shows a configuration of FUV. The FUV includes a vehicle body and two underwater fan-wings. The vehicle body is a spindle-shaped structure. On the front side of the vehicle body, there are two symmetrical fan-wings. Unlike the fanwings applied on the fan-wing aircraft, the fans are installed under the wings, which are used to generate downward force. The moving parts are just the two fans. The FUV can achieve the following 5 DOFs movements only by rotating the two fans. 1. x-direction movement. By rotating the two fans, the fanwing can generate the
is larger than the resistance in the x-direction,
, the FUV can move in x-direction. 2. z-direction movement. By rotating the two fans, the fanwing can generate the
, which is equal to , the FUV can move in z-direction. 3. Heading change. By rotating the two fans at different rotating speed, the fan-wing can generate the
is larger than the torque resistance in the z-direction, the FUV can rotate in z-direction. 4. Pitch change. By rotating the two fans at similar rotating speed, the fan-wing can generate the
. When the torques relative to the buoyancy center, which are generated by
is larger than the torque resistance in the zdirection, the FUV can rotate in y-direction. 5. Roll change. By rotating the two fans at different rotating speed, the fan-wing can generate the
can be generated. If
is larger than the torque resistance in the x-direction, the FUV can rotate in x-direction. It is obvious that much of the 5 DOFs movement is coupled, such as heading and roll, x-direction movement and z-direction movement. Thus, if the FUV can move meaningfully underwater, it should have the following two basic abilities. 1. Only x-direction movement can be achieved. When the two fans rotate at two particular speeds, and condition (1) is meet, only the x-direction movement is effective. When the install location can meet this condition, the equations can be solved and the solution can be referred to (2) . If the equations of (2) have solution, the fanwings should have the same performance. In other words, both the left and right fan-wings should generate the same forces in x or z direction, when the fans have a rotation speed of n and a x-direction velocity 
2. Depth can be changed and kept. The FUV can achieve zdirection movement, but the x-direction movement and pitch change are generated as well. Thus, the depth can be changed, but the FUV can't move only in z-direction. The depth keeping is similar to the condition of the previous ability. The only difference is the little change of G and buo F when the depth changes. Because the change of G and buo F can be ignored when the changing of depth is not too big, the FUV can approximately achieve depth keeping. Therefore, this FUV configuration can achieve 5 DOFs movement with only two moving parts, and have basic abilities to move meaningful underwater.
II. MECHANICAL STRUCTURE DESIGN
According to the configuration of FUV discussed previously, a mechanical structure of the FUV can be designed, as is shown in Fig. 3 . This structure contains 5 parts. The fan-wing 1 and fan-wing 2 are symmetrically installed on the sides of the head section, and the motors of the fan-wings are hidden in it. The tail section is installed in the tail of the FUV. Two steering gears are embedded in the tail section, in order to add rudders if necessary. A hole is made in the tail of the tail section, to let the control wires go through. Between the heading section and the tail section, there is a sealing tank. The power, controller and motor drivers can be enveloped in the sealing tank. The FUV is 530 mm in total length, and 402 mm in total width. The fans under the wings are 30 mm in diameter, and 150 mm in length. The Head section and the tail section are 80 mm in diameter, and the sealing tank is 65 mm in diameter.
The wing, head section and the tail section are made of PLA, which can be shaped by a 3D printer. The fans are made of aluminum alloy, which can resist corrosion of water. The sealing tank is made of transparent PVC pipe, which is low in density. The motors are 12 V brushless motors, which can work underwater in a short time.
The dry weight of the FUV is 1.61 kg, and the drainage volume of the FUV is 1.68 L. Therefore, this mechanical structure of FUV has a little residual buoyancy, which can theoretically meet the configuration requirements previously discussed. However, the wet weight can't be estimated easily, so the real feasibility needs to be proved by experiments.
III. CONTROL SYSTEM DESIGN
In order to make the FUV move according to operating instructions, a control system of the FUV is designed, as is shown in Fig.4 Since the FUV only has two moving parts, the control system can be much conciser, and only two motors should be controlled. At first, the operating instructions can be wirelessly sent from the 2.4G remote controller. The 2.4G remote receiver can receive the signal from the 2.4G remote controller. And then, the MCU can resolve the signal transformed from the 2.4G remote receiver, and control the motor drivers by a embedded control algorithm. Finally, the fan-wings can be driven, and the entire FUV can be controlled.
Apart from the direct control process, a feedback closed loop is also introduced. A 3D accelerometer and 3D gyroscope is used to measure the posture of the entire FUV, and a feedback signal can be generated. This signal is sent to the MCU and used to adjust the signals from the 2.4G remote receiver.
The signals from the 2.4G remote receiver contain a heading control signal and a pitch control signal. The heading control signal is used to adjust the difference between two motor speed, and the pitch control signal is used to adjust the magnitude of two motor speeds. By using PID direction control method, the pitch control signal can be combined with the posture feedback data to make sure that the FUV can move forward without heading change. Because the change of heading affects the flag of the PID direction control, a switch is added between the heading control signal and the pitch control signal. The embedded control algorithm can be described in By using this control system, the FUV can move feasibly underwater. The heading and roll can be changed, and the FUV can change the moving direction in the horizontal plane. The pitch can be adjusted, and the depth of FUV can be adjusted. The FUV can move forward automatically without heading change, due to the posture feedback.
IV. EXPERIMENT According to the results of the mechanical structure and control system design, a real FUV can be manufactured, as is shown in Fig.6 . Apart from the compositions described, a small float box is added. The float box encases the 2.4G remote receiver, and floats on the surface of the water, to receive the signal from the 2.4G remote controller undisturbed by the water. The float box is connected with the main FUV by wires, and the wires can go through the tail hole on the tail section to connect with the MCU in the sealing tank. Besides, some buoyancy materials are bunched under the heading section and the tail section, in order to adjust the buoyancy. The FUV is tested underwater in a 0.8m depth artificial pool, as is shown in Fig.7 . The experiment is carried out in a condition of 1 atm in atmospheric pressure and 300 K in temperature. Floating on the surface (Fig. 7(a) ), moving underwater ( Fig. 7(b) ), heading change (Fig. 7(c) ) and pitch change (Fig. 7(d) ) are achieved underwater. Therefore, the FUV can achieve 5 DOFs movement with only two moving parts. What's more, the performance parameters of the FUV working underwater are also measured. The cru v is about 1.2 knots in this condition, and the turning radius is about 0.45 m which is only 85% the total length of the FUV. Besides, this FUV have a good performance in endurance. With a 2200 mAh 12V power supply, the FUV can run more than 1.5 hours continuously. V. NOVEL APPLICATIONS According to the performance of the FUV, three novel applications can be put forward. 1. Ultra-small underwater vehicles. Because of the simplicity in structure, the FUV can shrink to a much smaller size without the loss of existing functionality. Traditional UUVs often includes many moving parts, and some of them are too complicated to be miniaturized. Even if some moving parts can be miniaturized, the control system cannot be easily simplified because of the large quantity of moving parts to be controlled. However, since the FUV only has two moving parts to control and the driver of the moving parts are the general motors, the mechanical structure of FUV can be designed much smaller. Since the control system only need to control two general motors, a much smaller control system can be designed as well. Therefore, the FUVs can be used as ultra-small underwater vehicles. 2. Multi-habitat vehicles. The fan-wing is firstly used on aircraft, and the underwater working of fan-wing has been proved to feasible. So the FUV has a potential to work both underwater and in the air. Besides, unlike propellers which are widely used as thrusters, the rotation direction of fan-wing is the same as the movement direction of the FUV, which is much like the wheels used in cars. If it is installed with two wheels, which are fixed to the fan, on both sides of the fanwings, the FUV can run on the road. Thus, the FUV has a potential to work all on the land, in the air and underwater. 3. Modeless intelligent underwater vehicles. Because it only has two moving parts, the FUV is much easier to become an intelligent underwater vehicle, which can adapt to various environments. Machine learning algorithms are much easier to be loaded in the FUV. That is because only two variables need to be changed in one special environment during the model training. And the speed of learning can be greatly improved. Therefore, even the FUV has no artificially added dynamic model, the FUV can easily build it itself by machine learning. VI. CONCLUSION In this paper, by referring to the fan-wing aircraft, a new kind of underwater vehicle is proposed. At first ， a configuration of FUV is worked out, and the feasibility is proved by mathematical analysis. And then, a mechanical structure is designed, and matches the requirements of the configuration. After that, a control system is designed, and the FUV can be remotely controlled. Due to the posture feedback, the FUV can move forward automatically without heading change. Finally, an experiment is carried out, and the FUV can indeed achieve 5 DOFs movement with only two moving parts. The performance parameters are measured. The FUV can move at a cruising velocity of 1.2 knots, and the turning radius is only about 85% the total length of the FUV. In view of the performance of the FUV, three potential applications are put forward, and FUV has good application prospects.
